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ABSTRACT 


Techniques involving stereoscopic examination, 
thin sections, scanning electron microscopy and x-ray 
diffraction were used to study the petrography and 
diagenesis of the basal Belly River sandstone petroleum 
reservoir in the Pembina Keystone "B" pool. The project was 
initiated to study the cause of the anomalously low water/ 
Ou product Lon ravio, Grom a vreservoir with “hich water 
saturation measured by mechanical logs and Core Laboratory 
aMavhysus 02 Lue pbasalibelly River sandstone in the area of 
Study eis 0 eto fo meet + Cl (21 “eters! thick’ and is a -fine- 
to medium grained, well to very well sorted, lithic arenite. 

Diagenesis has been accomplished mainly by 
mechanical compaction, cementation and replacement. Carbo- 
nate, silica (quartz and chert) and authigenic clays 
(especially kaolinite) cements are widespread and are the 
main porosity eo teane agents in this sandstone. The carbo- 
nate (calcite) cement occurs as pore Pasa coarse mosaic 
OF “Annecoraliesiveduany crystals whereas: the silica “cement 
eccurs mainly as quartz and ‘chert overgrowths: “The authi- 
genic clays (kaolinite, mixed-layer smectite/illite, and 
chlorite) occur as pore linings and pore fillings, and are 
characterized by very small crystal size and submicroscopic 
porosity. Partial and complete replacement of some unstable 
detrital grains such as feldspars and rock fragments by cal- 


G61te and a phyltlositlicate: are common. 
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the petrophysical properties of porosity and 
permeability have been measurably modified by diagenesis 
resultine Ineverosivlespotelesstthan SrtoJesvpercentias 
mMeasureduby Core? Laporatopycanalysisjrand: less thanyinto 13 
percent as’ measuredrpby thin section» point’ counting.» »The 
permeability values for the same samples range from less 
than 1 md to 680 md. Comparison of Core Laboratory analysis 
andp thin’ section sdatayshows thatotheyauthigenic claysrare a 
mea jOUrleontrol onbime; reservoir qualityrof, thes basal:Belly 
River sandstone. Adsorbed, interlayer and possibly OH 
lattice water contribute to the relatively high Core 
Laboratory analysis porosity and water saturation values, 
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CHAPTER I. INTRODUCTION 


Purpose and Scope of the Study 


The purpose of this study was twofold: 
1) To study the diagenesis of the basal Belly River sand- 
stone in the Keystone area of the Pembina field, and 
2) To relate the petrography of this sandstone to its 
reservoir characteristics in the Pembina Keystone Belly 
favyer “BY pool, 

The basal Belly River sandstone, which produces 
Otel Cie. Lempanacmve lderes . Le vcharacterized by 
relatively high water saturations as measured by both 
eleccricall hogs and Laboratory core analyses .' In the 
eoumercaal-COre waporabory, water content of fa formation) is 
determined from sidewall and conventional cores by atmo- 
SDicric G1seuLl lataon of bhe core in a retort at controlled 
temperatures, followed by the collection and measurement of 
thie volume of the released water. The water content deter- 
WMinaclon invewhole cores 1s by vacuum distillation of the 
Core. The water saturavion, sow, as percent .of the pore 
soace,. 10 DOC cases, (1S) arrived at. by dividing the water 
eGontent by the pore volume and muitiplying by 100. 


_ Water content (Fundamentals of Core 
= XX 100 


Sw Pore volume Analysis, Mod IT) 


Core Laboratory water saturation measurements in 
the Pembina Keystone Belly River "B" pool range from 30 to 


67 percent with an average of 48 percent. When one 
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considers these water saturation values and their usual 
effect on relative permeabilities of a reservoir to f 
immiscible fluids (for example, oil and water), one would 
expect high water/oil production from the basal Belly River 
sandstone because the relative permeabilities Gi, a 
meservorr CO, tWwO.or more immiscible fluids depend directly 
Upon their IMdavidual saturations inthe pores. The 
relative permeabilities in turn determine the water/oil 
preodmetlon Prom resenvoin. Migure 1,8 typical relative 
permeability versus saturation curve, illustrates the above 
peink. This curve Shews’ that at a Saturation of 56 percent 
for water and 44 percent for oil, the permeability of the 
rock is the’ same for both fluids and both flow equally well 
(Levorsen, 1967). In other words, the water and oil pro- 
ductions at these saturations are approximately equal. In 
view of the fact that (i) average Core Laboratory water and 
Cie Sauuraut One Vadues 1Or tires Or the studied wells are 
approximately 53 and 8 percent, respectively; and 
peduringeprocuction this water/o1l ratio, (saturation) 
Chances cConcinual ly resutolne ini eher water ‘saturation, 
one would normally anticipate an early 1:1 (or even 
greater) water/oil production ratio from the basal Belly 
River sandstone reservoir. However, reference to the oil- 
water ratio map for the pre-water injection Produce. Onn 


1971 (Figure 2) and Table 1 show a very low water recovery. 
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Relative permeability(Effective 


permeability to flowing fluid). 


Equal 
relative 


Saturation(%) 


FIGURE 1.Typical relative permeability relations with varying 
Saturations of water and oil. Keg Relative permeability 


tO. O11 5 KywoRelative permeability to water, Sop thes idual 
oi] saturation, (SW);_=Irreducible water saturation. 
(Modified after Levorsen,1967; Schlumberger Log Inter- 


pretation,1972). 
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FIGURE 2.Pre-water injection Oil-water ratio map for basal Belly 
River Sandstone in the study area.(C.I=5 Barrels of oi] 
to 1 water). 
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Also the production data by the end of 1975 showed an oil/ 
water ratio of 15.3 (Trollope, 1976, Personal Communi- 
cation). This production evidence tends to negate the Core 
Laboratory and electrical log predictions and to make their 
formation fluid saturation values (water and hydrocarbon 
saturations) suspect. The problem then was to ascertain 
the reason or reasons for the questionable saturations 
Obtained from electrical-loge responses” and laboratory core 
analysis’. 

tne area chosen for this study is located in the 
eastern portion of the Pembina field (Keystone area) ae 
pO tenive Yim anditow range 4 west of Sth, meridian and is 
shown in Figures 3 and 4. This area was selected because 
OP the -avallabdiity of necestam-ccores., The cores from 4 
group of wells owned by Imperial Oil Company were kindly 


loaned by the company Tor svudy ; 
Previous Work 


A number of geologists have Nieadaee themselves 
Bo; we, SUUd yor tune Belly RiveriGrovup.ner part of It, in 
various geographic areas. Such geologists include Dawson 
(1883), Dowling (1917), Williams and Dyer (1930), Russell 
and Landes (1940), Hildenbrand (1960), Lerbekmo (1961, 
1063), Khamesra (1963), Mclean (1971), Shawa and Lee (1975), 
Nelson and Glaister (1975), Ogunyomi and Hills (1977). 

The work has been spread across many aspects of 
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Stratigraphy and depositional environments. The petro- 
Cranny andserm particular, Ghe diagenesis of this unit: had, 
in @nos > cases. been given only cursory vattention. The 
exceptions to this are the detailed study by Lerbekmo (1963) 
which focused on the petrology of the Belly River Formation 
in the Southern Alberta Foothills, and his earlier study 
(Lerbekmo, 1961) which showed the presence of authicenic 
clays and their possible effects in the Cretaceous sand- 
stones of Alberta, of which the Belly River Formation is 
one. The presence of authigenic chlorite and illite 
cements in the basal Belly River sandstone of the Foothills 
region was also noted by Carrigy and Mellon (1964) in their 
study of the authigenic clay mineral cements in Cretaceous 


and Tertiary sandstones of Alberta. 


Methods of Study 


Techniques involving stereoscopic examination, 
thin sections, and scanning electron microscopy were used, 
ag well as x-ray diiiraction. Cores of the basal Belly 
River sandstone from Imperial Oil Company wells in town- 
ships 47 and 48, range 4 west of 5th meridian were examined 
(Table 2). Mechanical logs (spontaneous-potential, 
resistivity, condvuciivwety.s Bama, caliper andracoustic (one 
well only)) were primarily used for local correlation from 
well to well within the area of study. 

Thirty-eight samples were selected for detailed 


analyses and study. Special attention was given to the 
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preparation of thin sections to ensure preservation of the 
dedicave-<authicenic: iclay mineral cements.» .Most-of the «thin 
sections were made by Fred Roberts, Monterey Park, 
California and were impregnated with blue epoxy to preserve 
thie ‘original texture: of the samples and) to facilitate the 
roentatroation ofumiceroscopic wores’; 

Compositional analysis of the thin sections was 
achieved by recording 600 points within a 6 sq. ecm grid 
utilizing an automatic point-count mechanical stage. A 
ene ck made) alter counving 300 points ain téhin section 
revealed that counting more than 600 points was unnecessary. 

Because the samples selected for detailed exami- 
mavioniwarey lithitiied, ihe, necessary data for granulometric 
enawlyses: were abso tobtained from the, thin: seetions., 
utilizing a Humphries' micrometer eyepiece. Four hundred 
grains were measured in each thin section. A comparison 
with the data obtained from the first 200.-grains, showed 
that measuring more than 400 grains was NOU sjUS Gata ed. 

For the mineralogical SSIS Se GhiGhe auchieentc 
claysmineral Cement, xX-ray.,dirfraction was employed in 
adcist bom Took ceoxaminjat von.) To cobtain: avrelativelyypure 
elay fraction uncontaminated by allogenic clays and nonelay 
grains produced by disaggregation, a modification of the 
method of separation recommended by Wilson and Pittman 
(1977) was adopted. The samples were gently crushed using 
mortar and pestle. The gentle treatment liberated the 


authigenic clays without pulverizing the argillaceous rock 
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fragments. The sample was then sieved and the less than 2 
micron fraction (equivalent settling diameter) was collected 
and dispersed in a cylinder of water. ‘Two oriented speci- 
mens of the clay per sample were collected on glass slides 
utilizing the settling characteristics of’ the clay in water. 
One specimen of each pair was x-rayed after air drying 

(i.e. drying to room temperature and humidity), and again 
after glycolation (i.e. saturation with ethylene glycol 
vapor) to help detect expandable clays. The other specimen 
was x-rayed after heating to 550° C for two hours to 
differentiate between kaolinite and dickite. X-ray 
diffraction patterns were obtained using a diffractometer 
with geiger counter pick-up and strip-chart recorder. To 
understand the exact morphology of the authigenic clay 
mineral cement, which is not usually determinable from thin 
sections, and to supplement the x-ray diffraction identi- 
(vee erons.. scanhine elecuron microscopy Was also carried out 
using a Cambridge Stereoscan 150. The samples were scanned 
au. various meenit ications and Vials eee taken. “Thus, “the 
iinera lose ical identification and’ habit of "the auchigeric 
elays are based on a combination “of thin section petro- 
eranpniy, x-ray diffraction analysis, “and” scanning electron 
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CHAPTER II, STRATIGRAPHY AND LITHOLOGY 


The Belly River Formation of West-Central Alberta 
and its Correlation with Contiguous Formations 


thes pel lyakaver Formation jin the area of study 
represents part of an eastward thinning clastic wedge that 
records the progeradavion ot continental. conditions 
associated with the eastward withdrawal of the Lea Park sea 
during the Upper Cretaceous (Campanian) time.. It attains a 
tiveness Of about 1200, to 1400 feet, (370-430 meters) in 
the Plains of Southern Alberta and increases westwards to 
about 2300 feet (700 meters) in the Southern Foothills 
(Werbelmo,. 1901). buUG in theyarea of study its thickness is 
about 850 feet (260 meters) (Schedule of Wells, 1965, 1966). 
Nomenclature - A literature review of the term "Belly River" 
Shows ambicuity and sinconsistency in its usage sincesits 
incen rion sn loo3.. “Tne author of, the sterm,. Dawson... 1L63o3 
designated a series of beds underlying the Pierre shales in 
Southern Alberta as the Belly River series. Williams and 
Dyer (1930) restricted the term Belly River to the Foremost 
beds and the Pale beds. Russell and Landes (1940) raised 
the Foremost and the Oldman beds to formation status in the 
belief that the term "Belly River series" is ambiguous. 
Hildenbrand (1960) stated that the term "Belly River" as now 
used includes the Foremost and Oldman formations of Southern 
Alberta and should be given group status. McLean (1971) has 


recently argued for dropping of the term Belly River for the 
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American term Judith River for reasons of priority of usage. 
In the west-central Alberta Plains and Foothills this unit 
is undivided and called the Belly River Formation. 

in the present study, the following definitions 
ane used: 

1. the term "Belly River Formation" in west-central Alberta 
includes only the stratigraphic interval between the top of 
Lea Park Formation and the bottom of the Bearpaw Shale, 

2. the term "basal Belly River sandstone" refers to the 
lowermost» sandstane unit of the Belly River Formation; it 
eanses frommsOefect Gom~iefeet? (27-2105 meters) an<thickness 
(Schedule of Wells, Province of Alberta, 1965 and 1966). 

The sediments of the Belly River Group (Foremost 
and Oldman formations) consist of sandstone, siltstone, 
mudstone, shale and coal, and are characterized by both 
VeriGa cal and slaveralaraniduLaciesachances,., This reflects 
tne changing nature of the depositional processes and 
environments, which ranged from continental through deltaic 
and littoral to marine. In southeastern Alberta and south- 
western Saskatchewan, these facies changes result in much 
intertonguing of the Belly River Group with the underlying 
marine Lea Park Formation (McLean, 1971). 

The Belly River Group is conformable with both the 
underlying marine shale (Pakowki, Lea Park or Wapiabi) and 
with the overlying Bearpaw Shale. Despite its conformable 
contacts with both the subjacent and superjacent formations, 


the Belly River Group is not a time-stratigraphic unit. It 
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is time-transgressive (diachronous), becoming younger to the 
easccu. db is tne laveral equivalent: and continuation of the 
Two Medicine Formation and Virgelle Sandstone of northern 
Montana, and of the Judith River Formation of north-central 
Montana (Hildenbrand, 1960; McLean, 1971). Table 3 shows 
the regional correlation of the Belly River "Formation". 

The basal Belly River sandstone is the correlative 
of Allan's (1919) Brosseau member exposed along the North 
Saskatchewan River valley in the east-central Alberta plains 
and Slipper and Hunter's (1931) Verdigris Sandstone farther 
south. Slipper and Hunter believed that the Verdigris Sand- 
stone was the beach deposit of the retreating Montana Sea. 
In the subsurface, Shaw and Harding (1954) also recognized 


the Brosseau member in the east-central Alberta plains. 


DRtnolecy., Of) tie. Pasa pe laiyvyaRaver 
pandstone in the Study Area 


In the area of study in west-central Alberta, the 
basal Belly River sandstone is the lowermost sandstone unit 
Om the BellywikhiversFormation and ranges Prom5O Teet to /1 
Peon) (hf eles meocre in tilckness.) It consists of hori- 
zZontal-bedded and cross-stratified, light grey to grey, 
"salt and pepper", fine to medium grained, poorly to 
moderately sorted, occasionally pebbly sandstones, and minor 
amounts of dark grey mudstones, siltstones, and carbonaceous 
and bentonitic shales. It has a gradational contact with 


the underlying Lea Park Shale, grading from very fine and 
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Table 3.Table of Formations of Southern Alberta and adjoining areas. 


(From Energy Resources Conservation Board,1966). 
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shaly sandstone through siltstone and mudstone into the Lea 
Park shale. -This lower contact is also time-transgressive 
(diachronous ) becoming younger to the east. The upper con- 
tact appears to be sharper and is in many places marked by 
thin shale and mudstone beds followed by coal; in other 
places the coal beds directly overlie the sandstone. 
Internally the basal Belly River sandstone shows some 
heterogeneities in the form of mudstone and siltstone lenses 
and shaly partings. The basal Belly River sandstone repre- 
sents near-shore s-progradational deposition beginning with 
marine shale followed by shoreline sands and terminated by 
deltaic deposits (coal beds). Some of the above mentioned 
features of this sandstone unit can be readily observed in 
the photographs of core slabs (Plate 1). Figure 5 shows a 
detailed megascopic description of core typical of the basal 
Belly River sandstone in the area of study. (See Appendix A 


for more core descriptions. ) 


Mechanical Log Characteristics of the 
Basal Belly River Sandstone 

All available electrical and radiation logs 
(spontaneous-potential, resistivity, conductivity, gamma and 
acoustic) for the Imperial Oil Company wells in the area of 
study (townships 47 and 48, range 4 west of 5th meridian) 
were examined. They show that the basal Belly River sand- 
stone and some marker horizons can be easily identified on 


the logs. Several markers such as a prominent bentonitic 
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BASAL BELLY RIVER SANDSTONE (WELL: 4-36-47- 
4W5M) | 
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FIGURE 5.Megascopic description of core typical of basal Belly River 
sandstone in the study area. 
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layer near the top of this basal sandstone unit, and some 
coal beds, proved valuable for local correlation from well 
to well (Figure 6). 

On the spontaneous potential curve, the gross 
basal Belly River sandstone ideally shows as a negative 
defleetion from the shale. base-line. The amount of 
deflection is dependent on such factors as borehole con- 
ditions, deptine ot mudiiltrace invasion, sformation fluid 
chemistry and the petrography of the beds. In some places, 
such as where the sandstone contains calcite-cemented zones, 
mudstone “and siltstone lenses or shaly partings, the 
spontaneous potential curve shows some reduction in 
deflection, Khamesra (1963) observed that spontaneous 
potential deflection is poorly developed in wells drilled 
with high conductivity (low resistivity) "calcium chloride- 
starch" mud, and that in some cases reversal of the 
spontaneous potential was noted. This was also observed in 
the present study and well 4-35-47-4W5 is a good example. 
TMids»smay beya result of either the use of Low resistivity 
mud, as suggested by Khamesra, or the presence of fresh for- 
mation water in the sandstone. However, in most cases the 
basal Belly River sandstone responds to the spontaneous 
potential logging tool as a negative deflection. 

The resistivity logs are generally characterized 
by relatively higher resistivities opposite the sandstone 
than the subjacent and superjacent shales and mudstones. 


This may be in part a reflection of the sandstone's 
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FIGURE 6.Fence diagram of the basal Belly River sandstone in the study area. 
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contained fluid-hydrocarbons. But even in these cases of 
relatively high resistivities, it. may be that the readings 
are lower than they would be if it were not for the 
resistivity reduction due to the presence of authigenic 
clays. in cases where there are tight, calcite-cemented 
sandstone streaks within the porous sandstone, the 
resistivity readings are abnormally high, while the sand- 
wiched mudstone and siltstone lenses and shaly partings are 
shown as low resistivity readings. The coal beds responded 
to the resistivity logging tool as highly resistive beds 
similar to the tight, calcite-cemented sandstone zones. On 
Che .ecnducvivity Log, the bentonitic bed which was used as a 
local time-stratigraphic marker, showed prominently as a 
very highly conductive bed. Figure / shows an example of 
the electrical log responses to the basal Belly River sand- 
stone lithology. Only minor depth adjustments were made to 
match the lithology with the electrical log responses in 
both the above lithologic plot (Figure 5) and those in 
Appendix A. 

The gamma-ray log shows the basal Belly River 
sandstone as a low gamma-ray reading unit relative to both 
the underlying marine shale and the overlying mudstones and 
bentonitic beds. Intercalated siltstones, mudstones and 
shaly partings show as minor deflections within the sand- 


stone unis. 
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FIGURE 7.Electrical log responses to the basal Belly River 
sandstone lithology. 
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GHAPTER ILL... 
MINERALOGICAL COMPOSITION AND CLASSIFICATION 


Classification. 

The classification scheme adopted in the present 
study at the microscopic level is that of Lerbekmo (1963) 
which incorporates the essentials of Gilbert's (1954), 
Travis (1955) and Crook's (1960) classification schemes. 
Figure 8 illustrates this classification scheme and shows 
the plots of the analysed samples of the basal Belly River 
Sandstone on the .ternary diagram. All thirty-eight samples 
Plot as lithic arenite (sandstone) in this classification 


scheme, 


Essential Components. 

The essential components, which are those used in 
the elassimicationof the sandstones, are quartz, feldspars 
enomrock tracmemus, The basal Belly Biver sandstone fin the 
"B" pool of the Pembina field is composed mainly of rock 
fragments (50 to 79 percent), quartz (16 to 34 percent), and 
Peldsporces 1 bo Myapercent) averaging 63.6, 25.7 and 20.6 


percent respectively (Table 4). 


Quartz. 

On the bases of the type and amount of inclusions, 
crystal outline (faces) and extinction character, four 
quasi-genetic types of quartz as defined by Lerbekmo (1963) 
plus quartzite (polycrystalline quartz) grains were identi- 


fied (Table 5). The most abundant type in the samples 
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studied is "common" quartz which ranges from 5 to 25 percent 
of the rock and averages 16.6 percent. It is characterized 
byearresuiar outline, 2 few inclusions in-the form: of 
bubbles, and moderate undulose extinction (Plate 2A, B). 
These characteristics are suggestive of plutonic origin but 
the possibility of alternative origins such as metamorphic 
and vein cannot be ruled out (Folk, 1974). 

The second most abundant quartz type is the meta- 
morphic variety. It makes up from 1 to more than 8 percent 
of the samples and averages 4.5 percent. Strong undulose 
extinction, and inclusions of metamorphic minerals such as 
micas characterize these quartz grains (Plate 2C, D). 

Sedimentary quartz (up to 6 percent) Uc along malig 
abundance, averaging 0.9 percent. Quartz grains included in 
this variety are characterized by appreciable rounding 
(iatewons Mi) Suteac Thiel (1940): pointed out, quartz 
grains of medium sand size require much transport to produce 
noticeable rounding and, therefore, it is likely that many 
first cycle sedimentary quartz grains have been mistakenly 
included with other varieties; hence, the low apparent 
count. 

Identifiable volcanic, quartz is the least abundant 
of the quartz types (up to 3 percent). Quartz grains iden- 
tified as volcanic are characterized by one or more well- 
developed crystal faces and the lack of inclusions (Plate 
3A, B). In the case of fragmented volcanic quartz grains 


without preserved crystal faces, the absence of inclusions 
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PLATE 2. PHOTOMICROGRAPHS OF THIN SECTIONS OF BASAL BELLY 


RIVER SANDSTONE 


"Common" quartz (a) coated by dark brown iron oxide 
(hematite?) cement (arrow))) Authiigenic clay (ob) piuce 
a pore between detrital quartz grains. (Well: 10-35- 
A7-uws) Sample no. 20.) Planes tact ao) 


Same as A,..but between crossed nicols. Iron oxide 
cement (arrow) followed by quartz overgrowth which is in 
turn followed and partially réplaced by auth i eenie 
kaolinite. Note the low birefringence of authigenic 
kaolinite. X4OoO. 


Metamorphic quartz grain (a) characterized by inclusions 
of muscovite. Mudrock fragment (b) with recrystallized 
crystals’ of: muscovite. Cherigrock Mrvasmens (c) made up 
of crytocrystalline quartz. (Well: 10-34-47-4W5. 
Sample nov 52.3) Plane Vicnt Teter 


Same as C, but between cCrossedpnitcols. 70% 


Rounded sedimentary quartz (a) is surrounded by dark 
brown siderite 'blebs!' of cement (arrow). Plagioclase 
feldspar (b) has been partially replaced atone tuannane 
planes. by calciteycement (ec). § Well: 10-35-47- We. 
Samo le no... 1G Blane elie seON 


Same as E, but between crossed nicols. Xd4AO. 
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PLATE 3. PHOTOMICROGRAPHS OF THIN SECTIONS OF BASAL BELLY 
RIVER SANDSTONE 


A, Volcanic quartz (a) exhibiting well developed crystal 
faces and very few inclusions, surrounded by authigenic 
clay cement (b). (Well: 10-35-47-4W5. Sample no. 39. 
Pilanewlaeac. |) 40) 


B; Same as A, but between crosséd nicols. X40; 


C. Quartzite fragment (polycrystalline quartz) (a) con- 
sisting of metamorphic quartz crystals characterized py 
inclusions of muscovite. (Well: 10-34-47-4W5. At 
P186 2ePect), (oP lane minal eon 


D. Same as C, but between crossed nicols: note sizerend 
shape of individual (quartz crysvatciin Wuertcece mace 
mentwcay) 


E.. Potassic feldspar erain, (a)yWvolcanic Ssanidines) 
exhibiting well preserved crystalyout lines janc resis 
clear appearance. Chert rock fragment (b) and authi- 
genic kaolinite cement (c) have similar appearance and 
relief. (Well: 10-35-47-4W5. Sample no. 39. Plane 
deen a te) 


FF. Same as E, but.between crossed nicols; authipenic «clay 
cement (c) Shows lower birefringence than chert rock 
fragment (bi) 2 ex40. 
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alone was’ used as a basis for their identification, though 
it is realized that such identifications are less reliable 
than those that utilized both properties. 

Quartzite rock fragments (composite quartz grains) 
form up to / percent of the sandstones and average 3.1 per- 
cent. ‘The individual quartz crystals within the composite 
eraan show strong undulose extinction characteristic of 
metamorphic quartz. The presence of metamorphic minerals 


such as muscovite is common (Plate 3C, D). 


Feldspars. 

The feldspars were simply classified into potassic 
audio facioclase typed) (laple G).,) To facilitate the identi- 
fication, of «the k=-feldspars «in thin) section, they were 
selectively ‘stained yellow with sodium cobaltinitrite. The 
potassic feldspar’ grains were commonly fresh and clear in 
appearance (Plate 3E, F) and constitute 1 to 6 percent of 
the detrital grains averaging 2.8 percent. The plagioclase 
feldspars form 1 to 14 percent (7.8 percent average) of the 
sandstones and, in contrast to the k-feldspars, are mostly 


alvered a etater Uh. e CC, Dp): 


Rock Fragments. 

Table 7 summarizes the rock fragment compcsition 
of the sandstones. Genetically, they belong to three groups, 
namely: sedimentary, volcanic and metamorphic. 

The sedimentary group is the most abundant and is 


classified into mudstone, chert and carbonate. The mudstone 
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PLATE 4, PHOTOMICROGRAPHS OF THIN SECTIONS OF BASAL BELLY 
RIVER SANDSTONE 


A. Partially albitized pleaciocleaserieldspar (a) Danita ty 
replaced by calcite cement (b). (Well: 4-2-48-4W5. 
Sample no. 12.0 Plane atone. moon 


B,. Same ‘as A, ‘but between crossed nicols; the plasitoelase 
feldspar grain shows anomalously fish biretrinzencesdue 
to calcite replacement. X100, 


C. ‘Partially calcite replaced and) aitered plagioclase 
feldspar grain (a) with intragranular pore (p) as 
opposed to intergranular pore (b). (Well: 10-34-47- 
WW5 > ' Sample no. 52.) ~Plaies bite ue OO) 


D., same as CG, but betweencrossed nicols:, wReplacemenonor 
the plagioclase feldspar grain by calcite (high bire- 
fringence) 18 more Obvloud. wie wO0r 


E. Argillite rock fragment (a) showing recrystallization of 
the phyllosilicates, to sericite Nove also ne erese ice 
of reddish brown siderite (b), and chert (c) and mudrock 
(a) fragments. — Well: 4-2-4" 4ws -sSampie now we 
Piane Lvent. oo) 


Fo Same as E, but between crossed nicols.” x40: 
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rock fragments, which are essentially fine, detrital sili- 
Cave, OCKs (Or Giilturand clay sizes, "are the most plentiful 
of the sedimentary rock fragments and constitute an average 
of 20.6 percent of the sandstones (Plates 2C, D; HE, F). 
Chert fragments (cryptocrystalline siliceous rock fragments) 
are the second most abundant of the sedimentary rock frag- 
ments and average more than 14 percent of the sandstone. 
Both colorless and pale brown varieties are common (Plates 
eC, D; 4E, F). Carbonate rock fragments occur in some of 
the samples, but in most cases constitute less than 4 per- 
eent. They occur in the form of fine-grained limestone and 
a few sideritic fragments (Plate 4E, F). 

Fine-grained volcanic rock fragments average 
about 14 percent of the sandstones. Most are 
characterized by the presence of plagioclase feldspar 
microlites and can therefore be differentiated from 
other similar fine-grained fragments such as argillite and 
enert (Plate 5A, 3B); 

Metamorphic rock fragments in the form of argil- 
lite and metasiltstone are abundant in all the samples and 
average 12.6 percent of the sandstone. Argillite, which is 
the metamorphic equivalent of mudrock, is characterized by 
the recrysvallization of the phyllosilicates into meta- 
morphic minerals such as sericite, and has a fairly homo- 
geneous texture (Plate HE, F), while metasiltstone is the 
metamorphic equivalent of siltstone and consists essentially 


of silt-size quartz grains (Plate 5C, D). Both are the 
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PLATE 5. PHOTOMICROGRAPHS OF THIN SECTIONS OF BASAL BELLY 
RIVER SANDSTONE 


A. Volcanic rock fragment (a) showing slightly higher 


relief than chert (c). Arrow points to sutured contact 
between two chert rock fragments (c) and (d). Note 
also intergranular pore (b). (Well: 10-35-47-4W5. 


Sample no. (208 / Pilene Tica) 


B. \oame as A; but between crossed nicols.) Volcanrmereccr 
fragment (a) is characterized by small laths of feld- 
Spars «40%. 


Cy Metasiltstone® (a) is essentially made up of S116 wized 
quartz grains. Note also intergranular pore (b) and 
straight contact (arrow) between two quartz grains (c) 
and (d). (Well: 10-34-47-4W5. Sample no. 40. Plane 
tient. wk25) 


D. same as C, but- between crossed nicols. X25. 

E. Photomicrograph shows specimen with moderate packing. 
Black opaque material (a) of uncertain origin (probably 
organic) partially fills a pore. (Well: 10-34-47-4ws. 
Sample no. 40" -riane iene. woo) 


PY same as EF, but between: crossed nicole. elo. 
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product of low grade metamorphism. 

Opaque and carbonaceous materials of uncertain 
affinity (Plate 5E, F) are’common in most of the samples, 
DucsdO NOU Cones. tuve a Signiticant proportion of the sand- 
stone (less than 1.5 percent average). Probably they are 
either badly altered inorganic material, or organic, remains 


Such as plant debris and petroleum residue. 


Accessory Minerals. 

Proviege, muscovite, elauconitesand chlorite form 
the accessory mineral suite identified in the samples. In 
most cases, these minerals constitute less than 1 percent of 
the detrital components. Biotite is the’ most prevalent and 
Mao Llovisamoles emounvs: tol percent. lu 18 brown co 
reddish brown in color (Plate 6A, B). Muscovite occurs in 
nearly all samples but unlike biotite rarely constitutes 
i percent Or the sandstone. Glauconite occurs in some of 
the samples in the form of greenish pellets consisting of 
microcrystalline aggregates, and may be: an alteration pro- 
Cuetwo wOcbiiwommpoy Losiuteates, or Lecal pellets, or a 
Product ol anterstitial processes. Greenish, micaceous 
flakes were sparingly encountered in some of the samples 
(Plate, oC, D). (These are, probably a variety of the chlorite 
eroup of minerals. 

ie eenere., tie cust puylon Of these accessory 
Mitierals 2s AO, mini. orm and is feicther a reflection of 


changes of provenance of the detritus or of the hydraulic 
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PLATE 6, PHOTOMICROGRAPHS OF THIN SECTIONS OF BASAL’ BELLY 
RIVER SANDSTONE 


A, Reddish brown biotite grain (a) and recrystallized mud- 
rock fragment (b). (Well: 4-2-48-4W5. Sample no. 12. 
Plane Leica O)) 


B. same as A, but bétween crossed nicols. The mudrock 
fragment (b) shows higher than normal birefringence due 
to recrysEallizaviongor the ipnyllosmii caves togcer cic. 
X40, 


C. Arrow shows concavoconvex contact between -chlorite grain 
(a) and quartz grain (b). (Well: 10-35-47-4W5. Sample 
nC 20) WPlane Ot et waar On) 


D;. Same 4s iC) but betweenscrogced nicols. <e7 


E. Photomicrograph shows a specimen with zero packing 
proximity. Detrital grains are "floating" in a ground-— 
mass of calcite cement (a). Arrow shows siderite 
‘blebs! outlining the boundary of a caleite replaced 
detrital grain. (Well: 10-35-H47-4W5. Sample no. 18. 
Plane lichte, 1G) 
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CHAPTER IV. GRANULOMETRIC ANALYSIS 


nize Frequency Distribution 


The raw data obtained from the grain size analyses 
using thin sections and a Humphries! micrometer eyepiece are 
presented in Appendix B. The results of these thin section 
grain size analyses were plotted as cumulative curves using 
a probability scale ordinate to show the size frequency 
distribution of the samples (Figure Ojo Tavs, waci Litates 


visual comparison of the samples and indicates that most of 
them show bimodality. 


Parameters. 


From these cumulative curves, some descriptive 
statistical measures of average size (mode, median, graphic 
mean) and sorting or uniformity (inclusive graphic standard 
deviation) were obtained. Folk's (1974) formulae were used 


for the computation of these graphic statistics as follows: 


— B16 + P50 + Bay 
5 3 


1. Graphic Mean (Mz) 
2. Inclusive Graphic Standard Deviation (o7) 
p Zan Bi6 4 Bo5 = Qs 

I 6.6 


Arithmetic means and standard deviations were also computed 


by the method of moments using the following equations: 


i, “Ma= zomg where Ma 


arithmetic mean, 


f = number frequency in each class, 

még = midpoint of each size class in 
phi values, 

te t= ebOuad SCOUNL., 
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FIGURE 9.Cumulative frequency curves for samples representative 


of basal Belly River sandstone in the study area. 
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dev Lations 
These calculated thin section statistics were converted to 
their sieve equivalent values using Adams! (1977) formulae 
as follows: 
Py mitecdianen(SOumeucenti le), “SS IA OS7TTS & *0. 227 
Pwmrolkimean (erapmiecyinean) 5. I OvotS Ss. 0 200 
Speed ONeNiia KIC On ea ou=e lee fo Oats Ow LOe 
4 Sbeandardudeniacivon, Sv "0'.694TS = 0.079 
where S = sieve, 
TS = thin section. 

Table & summarizes these derived and converted 
descriptive statistical parameters. The samples have sieve 
median diameters that range from 3.08 to 1.38@ (0.125 mm to 
0.35 mm). Based on these median diameters.and using the 
standard Wentworth size grades, all the samples are classi- 
fied as fine to medium-grained sandstone (median diameter 
BLOM Go 1500/0. 125 ‘mm Gor 0507 mm 

Standard deviations (o7) of 0.30% to 0.49% were 
computed for the samples and according to Folk's (1974) 
vVeGbal classification scatetfior sorting, these samples are 
very well sorted (o7 under 0.35%) to well sorted (o7 = 
O57 = 0.502). The samples are therefore characterized as 
fine- to medium grained, very well- to well sorted sand- 


stones. 


Textural Maturity. 


Eso logical pcoroliary .to thersortings of these 
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samples, this sandstone unit is classified as texturally 
mature since all the standard deviations (cy) are under 
0.58 and the detrital grains are still not rounded (Folk, 
1974). 

It is pertinent to note that size frequency 
distribution and sorting are dependent on various factors 
MeGoco1ndiivriVeleertecus are di thiculg itosassess...and \that 
tne above analyses are mo excepuions. Such’ factors include 
Sivewrente, Ol pavatlable partacies, icorrent characteristics, 
type Of deposition and rate of supply of detritus compared 


with efficiency of the sorting agent (Folk, 1974). 
Other Textural Attributes 


The textural attributes of shape and fabric were 
S130 cuGLecouin the wcourse Of this granutometric analysis:. 
Roundness, an element of shape was studied by visual com- 
parison of grains with standard images of grains of known 
roundness, and according to Power's (1953) scale of round- 
hess, MOst, of tGheverains are angular to subangular which 
correspond to Folk's (1955) rho values of 1 to 3. Scanning 
electron microscopy reveals some surface textures in the 
form of irregular "scars" and "markings" on some of the 
detrital grains. Plate SA illustrates such surface textures 
on) 4 quartz grain. These surface textures are similar to 
those reported by Le Ribault (1975) and interpreted as post- 
depositional solution effects in a deltaic environment. The 


discussion of the fabric of these samples is deferred till 
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Chapter V, while the entire granulometric data is used 


purely for descriptive purposes in the present study. 
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CHAPTER V. DIAGENESIS 


Definition: Diagenesis is the postdepositional alteration 
(excluding weathering) of sediments under normal surface or 
outer part of the crust conditions of temperature and 
pressure. It may affect mineralogical and chemical compo- 
eition. inveremiGiad, fluids (formation waters) and the tex- 
wure Of the sediments. The important factors In. diagenesis 
are particle size, water content, organic content and 
mineralogical composition of the sediments, plus the tem- 
perature, pressure, and chemical conditions of the environ- 
ment (Krumbein, 1942). Because of these factors, a wide 
variety of diagenetic changes is possible, inasmuch as 
variac.Ons an Une rend=product, may ,oecur either with 
different sediments in the same environment, or with the 
same kind of sediment in different environments. Diagenesis 
involves the broad phenomena of dissolution 

and sorecipicatvion, of Minerals from interstitial 

fluids, and has been accomplished in the basal Belly River 
sandstone by the diagenetic processes of compaction and 
pressure solution, cementation, replacement, recrystalli- 
ZaGLoOn and simple solution. 

Compaction and Pressure Solution: Krumbein (1942) defined 
compaction as the reduction of the bulk volume of a sediment 
expressed as a percentage of the original voids present, 
effected by the overburden pressure that acts normal to the 
surface of the sediment body. He also pointed out that the 


magnitude of the effect of compaction is a function of the 
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porosity and water content of the original sediment, the 
Sieeanu ciape Or 10s particles, “the rate of deposition and 
thickness of the overburden, and time. It has both 
mechanical and chemical components with the mechanical 
component predominating in the early stages of the process 
while the chemical component (pressure solution) occurs at a 
later stage in the presence of extreme overburden pressure 
on unyielding detrital grains (Fichtbauer, 1967). Mechani- 
eal compaction, the rearrangement of the detrital grains 
under vertical pressure resulting in closer packing, appears 
to be the main type of compaction that affected the basal 
belly ini vers sandstone, A.study of .the fabric, of this. rock 
unit shows no preferred grain orientation (crystallographic 
or dimensional) at the microscopic level. An evaluation of 
the packing, the spacing or density pattern of the detrital 
Gratic at) 6a) rock.) Oi the samples, using Kahn's (1956) packing 
proximity gave values that ranged from less than 1 percent 
GO, 7d percentepus Withemost of themvalues in the 30 to 50 
percent range (Plates 5E, F; 6E, Fs Table 9). ‘Packing 
Proximity. the ratio of the numberof grain-to-grain con- 
tacts (encountered in a traverse across the thin section) to 
the toOval Humber tof compacts Of ali Kinds encountered an the 
same traverse, is a numerical measure of packing (Blatt et 
ale 1972). The low packing proximity values obtained for 
the samples of the basal Belly River sandstone are due to 
the presence of matrix and early cement before the accom- 


plishment of considerable compaction. Most of the contacts 
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betweentiunesdetritaitegrains®are long i.e. straight, using 
Taylor's (1950) terminology (Plate 5C, D); but there are 
also a few concavoconvex (Plate 6C, D), sutured (Plate 5A, 
B) and tangential contacts. The predominance of long con- 
tactsris a reflection of the shape of the detrital grains 
(angular to subangular) while the conecavoconvex contacts are 
questo) juxtaposing of sarains loffunequal ustreneth; tfor 
example, detrital quartz and chlorite grains (Plate 6C, D). 
UOeESSCarcleyeorstancent#aihcontacts) ts jduerto hackooff ade- 
quate shapes (round and spherical) to generate such effect 
ipoinepcontactene sand tackkoL Juxtapositionvof verains of 
Squares tnonclhstiwhile therpaucitysor sutured. contacts is <an 
indicationvofethe existence of insufficient overburden 
pressure and presence of large amount of cement before 
appreciable compaction was accomplished. The absence of 
appreciable number of pressure solution (sutured or stylo- 
litic) contacts shows that the compaction of the basal Belly 
River sandstone was essentially mechanical and that this 
rock unit did not suffer appreciable chemical compaction 
(pressure solution). 

Cementation: The precipitation of mineral cements (binding 
materials) within the pore spaces sorta sediment qevone of 
the main diagenetic processes that affected the basal Belly 
River sandstone. Five types of cement were observed in the 
samples examined and include the following: calcium carbo- 
nate (calcite), quartz, chert overgrowth, iron oxide and 


authigenic clay. The samples show variations in the type 
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and amount of cements (Table 10). 

Calcite Cementation: Calcite is the most abundant cement in 
the basal Belly River sandstone and ranges from less than 

1 percent to about 40 percent in some samples. It occurs as 
acOarse MmOsaicJor wanhedral ‘subequantJicrystals.. In..some.of 
the samples with abundant calcite cement, the packing 
proximity of the grains is almost zero and one gets the im- 
pression of "floating grains" in a groundmass. of calcite 
cement (Plate 6E, F). Although there is some obvious 
partial and complete calcite replacement of detrital grains 
in enese very calcareous“samples, most of the calcite was 
precipitated from the formation waters early in this rock 
unit's diagenetic history. 

Quartz Cementation: Quartz is a common but quantitatively 
misenit reant wement wine unis. rock unit. Volumetrically it 
ranges from léss' than l percent to just more than 1 percent 
encmOCCUrS) DOUInes -OverTorowtchs and pore Fittings, “but mainly 
as <overgrowths.4) Phe quartz overgrowths are normally de- 
limited from the detrital quartz nuclei by dark brown to 
Opsquet oustiiineés  outlare stills in, crystallographic. and 
optical continuity (Plate 7A, B). The presence of such a 
line facilitates the identification of the overgrowth, but 
in some Casesitiis boundary mark is slacking, indicating a 
clean surface before the precipitation of the overgrowth. 

In such cases, recourse was made to judgements based upon 
the amount of inclusions (normally more abundant in the 


nuclei than in the overgrowths), degree of straining of the 
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PLATE 7. PHOTOMICROGRAPHS OF THIN SECTIONS OF BASAL BELLY 
RIVER SANDSTONE 


A. Detrital quartzg*nucleus (a) delimited: rom tne quam 
overgrowth (b) by dark brown "dust line" (arrow). Note 
also good crystal faces on the overgrowth (b) and an 
intergranular pore (¢). (Well: 10-35-47-4W5. Sample 
no. 25.8 felane! 12on Gee oD 


B.' Same as A, but between crossed nicols. X40. 


CC. Detrital quartz nucleus (@) not delimited from the bover— 
growth (b) vby a "dust line", but) overgrowth, (bj7identi- 
fied by presence of crystal faces. (Well: 10-35-47- 
iw5. (Sampiie no. 25. | Plenemlierg. 940) 


D. Same as C, but between crossed nicols. X40. 


E. "Cleaner" chert ‘overgrowth (a) on a detrital chert 
erain (c),) Authigenio kaclinite cemenc (be 
characterized by small: crystal size, even color and 
texture. (Well: 4-2-48-4W5. Sample no. 16.’ Plane 
1 er Ga oe Oe) 


F, Same as E, but between crossed nicols. Chert overgrowth 
shows up as coarser chert ageregate surrounding” tne 
detrital ‘ehert ‘erain’ (c)..) Notevaiso the low’ dire 
fringence of the pore-filling authigenic kaolinite (b). 
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Nuclei sas einaicacved bY its undulose extinction,’ and the 
presence of crystal faces on the overgrowths, for their 
toe ttcouron ieieates 70, Ds cB, ©). The authigeni¢ pore 
filling quartz characterized by small crystal size and well 
developed hexagonal crystal faces is more obvious under the 
scanning electron microscope (Plate 8D). 

"Chert" Cementation: Another form of silica cement present 
tacts TOCK UM tes Cherttovergrowten, It As’ not as common 
as quartz overgrowth and was observed only in a few samples. 
inact neeaences, wouls: dess.ctham O25) percent by volume. 
Lerbekmo (1961) attributed the paucity of chert overgrowths 
WOueveuy ot OUc Orvenvavions Of the individual silica -:units 
Go mene sCheru erain, Wwiicl BS not very conducive to the 
erowol Of Tagsine ley quartz structure, <Invthe few instances 
Or .chert. overgrowth, it is seen under: the petrographic 
microscope as a coarser and cleaner chert aggregate 
surrounding the detrital chert nucleus (Plate 7E, Ty) a ee eS 
better revealed by scanning electron microscope as an aggre- 
gate of fine hexagonal quartz crystals on a detrital chert 
geen (eLave on, &). 

Iron Oxide Cementation: Reddish brown to dark brown iron 
oxide (hematite?) binding material is present in amounts 
ranging from less than 0.2 percent to about e2 percent in 
Home On the Bampled. ) It occurs as a coating on most of the 
larger detrital quartz and chert grains (Plate 2A and B). 
Although there is some controversy about the origin of such 


hematite binding material (detrital, Van Houten, 1968; 
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PLATE 8. SCANNING ELECTRON MICROGRAPHS OF BASAL BELLY RIVER 
SANDSTONE | 


A. Irregular surface texture (a) ona detrital quartz grain, 
probably etching feature (?). (Well: 4-36-47-4W5. 
Sample no. 12. )X600) 


B. Quartz overgrowth (a) with well developed crystal faces. 
Note also intergranular pore (b) reduced by quartz over- 
growths on surrounding detrital quartz grains. (Well: 

4 26-N7-Aws5. Sample now 16. 9x60) 


C. Closeup of B. Quartz overgrowth (a) followed by authi- 
genic chlorite (b). (Well: 4-36-47-4W5. Sample no. 
TO NESO } 


Dy Authigenic pore filling quarce (7) ew cae 
developed hexagonal crystal faces and fan-shaped 
clusters of chlorite (ce) partially occluding submicro- 
scopic pore -(b): (Well:  4-36-47-4W5. Sample no. 37. 
X2500) 


E. Chert overgrowth (a) as an aggregate of fine hexagonal 
quartz crystals on ‘a detritalvchéert erain ab) a ie ar: 
36-4 7-4w5., Sample no. low aU) 


BF, Closeup of “E..° (Welds) (s4-36-47-4WS 2) Sane heunomw jor 
X¥300) 


PEATES 


Ce 


diagenetic, Walker, 1967), the hematite in the basal Belly 
River sandstone appears to be of diagenetic origin because 
of the delicate nature of these hematite coatings which 
could not have survived transportation. 

Secondary Clay Cementation: Authigenic clay cement is next 
in abundance to calcite in the basal Belly River sandstone. 
It is the most prevalent of all the cements, being present 
invaimose aeilesampies: and ranging trom less than 1 percent 
POROVEr LO percent py volume. There; is an. inverse relation- 
ship between authigenic clay and the other cement types 
taken together in most of the samples (Table 10). The 
authigenic clay is characterized by an even color, texture 
and composition, low birefringence (gray interference color) 
Sncmcivmieroporoeity (Plates. 7E,) 3; 9A) “B, C, D). “It occurs 
bec ese Gain coacing jon the detrital grains’ (pore lining) 
and as a filling of the pore spaces (pore Pale ries) PO ie 
better understanding of the texture and composition of this 
authigenic clay cement, scanning electron microscopy and X- 
ray diffraction techniques were employed. The discussion of 
these observations is deferred until Chapter VI. 

Pate Poneo sO une Cements: | the paragenesis: of the cementing 
materials in the basal Belly River sandstone is not easily 
Ceseerni bec) “Mas aseituctner complicated by the fact: that 
the cementation pattern of the samples as seen today may be 
only the end-product of a series of sequences of cementations, 
decementations and replacements, and therefore may not give 


the actual paragenesis of the cements. Therefore from petro- 
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PLATE 9. PHOTOMICROGRAPHS OF THIN SECTIONS OF BASAL BELLY 
RIVER SANDSTONE 


A. Metamorphic quartz verain (a) Wale Pore phi ne authigenic 
kaolinite (») follows’ chert’ overgrowth (cael s: 
4 2 h6 WG.” “Samp leyno.,, len ep lene Tiohe., m4) 


B.° Same as A, but‘between crossed nicols. x40, 


C. Detrital quartz nucleus (a) delimited from quartz over- 
erowth (b) by "dust dine". sAuthicenic kaotinwces < 
follows quartz overgrowth as the last pore filler and 
partly replaces the quartz overgrowth, Note the vabecice 
of quartz overgrowth on Jower partvior detrital quarcz 
grain (a) which may be due to the presence of authigenic 
kaolinite (d) which prevented the formation of quartz 
overgrowth. (Well: 10-34-47-4W5. Sample at 2186.3 
fect. Plane Atene.. 126) 


D. Same as C, but between crossed nicols. Authigenic 
kaolinite: (c,° da) thas’ lower bare fvineence than ene 
detrital chert cradn, (eu. 40. 


E. | Detritaltquartz (a) delimited from overgrowin. (ome, 
"dust line". Quartz overgrowth (b) with well developed 
crystal faces is followed by calcite cement (c) (last 
pore filler). “(Well:: 4-2-46-4w5. “Samplemnc. 13. 
Plane light. X40) 


FF. Same as E, but between crossed nicols. X4O. 
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graphic observation no infallible sequence of cementation 
Camupe (iirerred Torthis rock unit, but the following ob- 
servations appear to be generally applicable: 

1. The presence of authigenic clay cement in the form of 
pore tinings and fillings, and carbonate cement, tend to 
forestall the formation of quartz overgrowths. No quartz 
overgrowth was observed to follow any authigenic clay or 
Saleite cement Wriate, OC, D). 

2.) Calcite or autmnigenic clay cement’ may frollow quartz 
Buevorouta iriaces: ON, Bs OC) D, Ey mr). 

De eon son de cement astusually followed! by authieenic clay 
cement or quartz overgrowth (Plate 10A, B). 

4, Incomplete coating of a detrital quartz grain by iron 
oxide cement does not hinder the formation of quartz over- 
growths. 

5. Calcite and/or authigenic clay cements are the last pore 
Tee a Deo, 

6. Most of the samples show "patchy" cementation with most 
or all of the five cement types present in a single thin 
Secr10n, and an some cases two to three cement types occur 
Siem cides (Platee SOC). Ds 12). 

Replacement: The simultaneous solution of one mineral and 
precipitation of another, or the growth of a new mineral in 
place of another mineral or mineral aggregate without 
changing the external form, affected both the primary 
detrital grains and the secondary precipitated cements of 


the basal Belly River sandstone to varying degrees. In some 
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PLATE 10. PHOTOMICROGRAPHS OF THIN SECTIONS OF BASAL BELLY 
RIVER SANDSTONE : 


A. Dark brown iron oxide (hematite?) (arrow) coating 
detrital quartz grain (a) is followed by quartz over- 
growth (b). Note well developed crystal faces of over- 
erowth facing intergranular pore 3) (Well: 10-35- 
47 Uwe” Sample nd sie20 0 Melee ide alia. On) 


B. Same as A, but between crossed inicois » x40. 


C. Photomicrograph illustrating "patchy" cementation. Two 
cement types - calcite (a) and kaolinite (b) are present 
in same. thin section. Note altered fine grained vol- 
canic rock fragment (c)-showing higher relief. (Well: 
10-35-47-Aws:. (Sample nes Oye anew isu eo) 


D. . samevas” G, bus between crossed Micolse) AOR 


BE. .Former detrital grain 2} has’ been compidetely jreplaced 
by authigenic calcite (b). Irrégular fringes of dark 
brown siderite cement (arrow) marks the outline of the 
original grain. (Well? ““10-35-47-4W5" “Sampleunco.ele, 
Plane liene, 9x25) 


F. . Same as E, but:between crossed nicols. Two calcite 
erystals.are seen’ to nave replaced? the detrital ranma. 
X25. 
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of the very calcareous samples, the calcite cement has com- 
pletely replaced’ some of the detrital erains, probably rock 
fragments and feldspars, and the outline of the original 
grain appears as a telltale boundary between the calcite 
replaced grain and the true pore filling calcite cement 
(Plate 10E, F). Normally the outline of the original grain 
is marked by dark brown siderite blebs and the grain is 
discernible as a "ghost", especially under crossed-nicols 
(Plate 10F). However, in some cases the replacement of the 
detrital grain is less complete and the calcite mineral 
veins or ramifies them, giving the grains a "worm-eaten" 
appearance (Plate 11A, B). In the case of rock fragments, 
the more resistant minerals such as quartz and mica persist 
while the less resistant minerals, e.g.; feldspars, are re- 
Diaced. el blt2Za0lon Of the, calcie@iplagioclase pfeldspars is 
Common in this rock unit. The albitized plagioclase has a 
eloudy, and mottled appearance which is dependent upon the 
degree of the replacement (Plate 4A, B,.C, D). Replacement 
Ofeplaz oclase meolusvpers by calcite ts also common 

(Plate 26) Ff). Lerbekmo (1963) made similar observations in 
Mis study Of the) Belly River Formation in the Southern 
Piperca Footnilis, and Stated that the diagenetic alteration 
was within the realm of the zeolite facies, and that the 
principal mineral transformation was the replacement of in- 
termediate plagioclase by albite, a slightly birefringent 
phyllosilicate and calcite. Although quartz replacement of 


both the calcite cement and the detrital grains is not a 
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PLATE 11. PHOTOMICROGRAMS OF THIN SECTIONS OF BASAL BELLY 


AY 


RIVER SANDSTONE 


Detrital potassic feldspar grain (a) partially replaced 
by authigcenic calcite (o)) eivine the prain, ay "worm 
eaten" appearance. Arrow points to dark brown 'blebs! 
of siderite cement. (Well: 10-35-47-4W5. Sample no. 
VGe Pala nicw don ong eee 


Same as A, but betweens crossed ngcolse. 9 0. 


Volcanic rock fragment (a) with intragranular pores 
(lighter colored spots). Relatively clear argillite 
rock fragment (b) shows recrystallization of the 
phyllosilicates to sericite. (Well: 4-2-48-4ws. 
Sample no. 22. VPilane @iehteeaeele) 


Same as C, but between crossed nieols. “K2O: 
Volcanic rock fragment (a) with intragranular solution 
pore’ (b): (ce) ts-an intéereranwlar pore. s (Well: 4-2. 


HE=uWS.. “Sample no. Yow Plane dienmte | ro) 


Same as E, “but. between. crossed! nicols.o 40, 


PLATE 11 
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common and obvious phenomenon, it is a possibility. Some of 
Ge Cautneeernt ec iponewhilling quartz might have originated in 
this way. Also, in some cases, some of the quartz over- 
growth has been partially replaced by authigenic clay cement 
(Plate 2A, B). 

Recrystallization: Krumbein's (1942) definition of re- 
crystallization, "changes in crystalline texture caused by a 
growth of small crystals and fragments into an aggregate of 
coarser crystals" is the one adopted in this discussion. It 
is vatehly probable that the detrital mudrock fragments and 
the clay matrix have recrystallized following their depo- 
Seren vend Fouriaiy ithnts conclusions based on the following 
facts: 

1. Some of the mudrock fragments tend to have cleaner, 

Pole emROotry Slola sor inne rals <6e7cusn cac.,and jmores.even tex- 
GurehiGPdateneC 3 aD). 

2. some of the samples lack easily and positively identi- 
Drab lesetay maurixenchoushathisy second quality may be due to 
CoCte SOrcI ne. 

SOluEtOn: “Lol spi emple. change of matter from the solid or 
gaseous into the liquid state by its combination with a 
liquid, and may be accompanied by chemical or physical 
change. Solution plays a major role during the diagenesis 
of sediments and is involved in the processes of replacement, 
recerystallization, cementation, decementation and intra- 
Saurav .or cstterengial solution. Most or the very fine 


grained volcanic and mudstone rock fragments and feldspars 
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have intraparticle (intragranular) pore spaces which are 
evidences Gol cimtrerenviall solution of *the Less resistant 
minerals (Plates G11Ce Dy lEy a) white shad “resulted “tn what 
Wey toe called dintvaparticle tioldie porosity. (it ws 
plausible that some of the less resistant detrital grains 
such as feldspars have suffered complete intrastratal 
SsoOluUGLOMm .resu boinc cin interparticle tmoldic pordsity.:) The 
process of decementation, the ‘removal of earlier precipi- 

fe bed «cements, might also nave occurred in the basal Belly 
Riveresandstone. i sthne solution "om Oneacement, evev, calcite, 
may be followed by the precipitation of another cement, e.g., 
quartz, but in the absence of subsequent cementation, de- 
CemenGeavion -—resuitsmin the "restoration of porosity. In aki 
Cases sf however, it Cishdifpicult: tovassess the degree of 
(ieee reno soluG vom in va “sediment ssince all that ,isiseen 
as the effect is porosity (pore spaces) which is subject to 
different interpretations. “In some cases the porosity could 


be either depositional or diagenetic in.origin. 


Dome GOO Mme ua reneiC bore c Cs: in 
Uocebecal DOllLy miver wane vOne 
From the foregoing observations and discussion, it 
is evident that a number of diagenetic processes have 
affected to varying degrees the primary textural and compo- 
sitional properties of the basal Belly River sediment, and 
have resulted in many physical and chemical changes in the 


sediment. Fundamental properties of the grains (size, shape 
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and surface texture), fabric, and mineralogical composition 
of this rock unit have been modified to the extent that 
there is no simple relationship between the original sedi- 
ment and the lithified sandstone. The particle sizes have 
been, ecnlarzed Gngseonesing tances, we. canqquarta erainsiby 
cementation (quartz overgrowth), while others have been re- 
CUeecds eve... Lelidspars bueiniveasiratais~solutions. Both 
particle shape and surface texture have changed during dia- 
gepesis by solution, srecrystallization and cementation 
(overgrowths). The effect of the diagenetic processes on 
theerabric (onientation and packing) of this rock unit ts 
obvious but variable. In some samples diagenesis has re- 
sulted in very close packing of the grains, mainly by com- 
paction, while in others the grains are widely separated 
from.one another by the authigenic mineral cements; giving 
the impression of "floating grains" in a groundmass of 
eement. The mineralogical composition of the detrital 
grains and even the bulk composition of.the sediment also 
have greatly changed as a result of diagenetic processes 
such as replacement and cementation. In view of all these 
meodifieations of the -properties of the particles during dia- 
genesis if-is very necessary to apply adequate corrections 
to these properties of the sediment when reconstructing the 
origina leconditaons sof deposition from these observed but 
modified properties (Krumbein, 1942). 

The economically important bulk properties of the 


sediment (porosity and permeability) also have been modified 
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in this rock unit by the diagenetic processes of compaction, 
Gementatson, end evoO 4 certain, extent: by solution. Com- 
paction and cementation have generally reduced the initial 
porosity of this sandstone body to petrographically observ- 
able porosity values of 13 to less than 1 percent, and core 
analysis) porosity values of 23 to less’ than 10 percent 
(Table 12). Thus both observed and core aha lVSismpOrcos Lily 
values are far less than the estimated average initial 
Porosity: Gi "AO woercent for sandstones. Not only ts the bulk 
porosity of the samples reduced, the pore sizes and throats 
also have been reduced by cementation and compaction (Plate 
PPR a (Oce iCnapser Vil fOr 1a more, detailed discussion, of 
porosity.) Although there is no straightline relationship 
between porosity and permeability, a reference to Table 15 
shows that the more porous samples are the most permeable 
ones, and that the less porous ones are the less permeable 
Ones, Milne logical inference then is that, other things 
being equal (initial particle size, degree of sorting ete.), 
the samples that have suffered more diagenesis (mostly 
cementation and compaction) are the least permeable ones, 
and therefore diagenesis has reduced the initial permeability 
Of whis rockeunit. 

Table 11 shows the diagenetic processes and the 
magnitude to which they might have occurred in the basal 
Belly River sandstone as revealed by observed petrographic 
evidence. From this evidence one can safely conclude that: 
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Teqductron OL es initial soulkepropertics of porosity and 
permeability. 

2. The differences in the porosity and permeability values 
amongst the samples are not related to depth effect since 
611 the samples are from within 100 feet (30.5 meters ) depth 
Pycerval, ODUuUL arermeainiy cuey to clay aucthigenesis, calcite 


and quartz cementation and solution. 
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CHAPTER VI. 


AUTHIGENIC CLAY IN BASAL BELLY RIVER SANDSTONE 


The widespread occurrence of authigenic clay 
cements in Cretaceous and Tertiary sandstones of Alberta has 
been documented by Lerbekmo (1961), and Carrigy and Mellon 
(1964). Microscopic examination of basal Belly River sand- 
stone samples revealed that authigenic clay is the most 
prevalent and second most abundant cement, making up to 10 
percent of the bulk volume. It appears white in hand speci- 
men and is characterized petrographically by low bire- 
feincence, uniform iclean texture, ‘small crystal sizecand 
SsubMicroscopic porosity WPlates 7H, iM: 9A, B, ¢, D). it 
Occurs Mainiy as scautered pore fillings though «thin 
coatings on detrital grains (pore linings) are frequently 


encountered, 


X-Ray Diffraction Analysis. 

X-ray examination of the less. than 2 microns 
fraction of three samples was undertaken, using a wide-angle 
BPontometer Gditiractometersandestrip chart recorder, to 
ascertain the mineralogy of the authigenic clay cement. 
Oriented mounts were used to enhance the basal X-ray re- 
flections® sAuxifliary tests of glycolationvandsheat-treat- 
ment (550° C for two hours) were also performed on the 
Specimens. Glycolation provides a method for recognition of 
expanding-lattice montmorillonoid minerals, while heat- 


tratment collapses the lattice and thereby helps identify 
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certain of the clay, minerals, especially within the Kaolin 
group (Molloy and Kerr, 1961; Brindley, 1961; Carroll, 
1974). Untreated, glycolated and heat-treated oriented 
mounts of the less than 2 microns fraction were X-rayed and 
their diffractograms measured (Figures 10, 11 ae A) he Cen 
stant ineserument, setuines, (scale factor Ga’ multiplier 1, 
time constant 4 sec.) were maintained throughout the exami- 
Hemwonweor falis specimens to permit direct diffraction inten- 
sity comparison between the untreated, glycolated and heat- 
treated specimens. In all untreated oriented specimens, 
BaemiOOl) Pane 8 OOS eremlart tons: ate (alo and 3,50 R were pes 
corded, together with lesser peaks at 2.38 and 1.79 A 
(Pieures TOL IIA end 22n)e Gilycolation»yieldedtno steniri- 
eant shift in the spacing or intensity of the peaks observed 
inetne Unereated patterns (Ficures 10B, QB and T12B). Heat- 
treatment of the specimens resulted in a drastic reduction 
DVie thew invpenciscy of ther reflections. (Hieures 100! and 110). 
Tes reduction an intensity 18 Que to destruction of the 
eryscad moructure, Oo: thevclay mineral by dehydration of. the 
type On a. Ol (> noose O leaving a poorly crystal ine phase — 
metakaolin (Molloy and Kerr, 1961; Brindley, 1961; 
Richardson, 1961; Grim, 1968; Carroll, 1974). A non- 
oriented specimen of the less than 2 microns fraction was 
aleert-rayed (figure 13). It shows peaks at 7215), 3.58, 
Soe cue eee and. 1. Ow R which correspond to the 
gy) se (Goeirale0ny "C13: ; (023), (203) and (133) kaolinite 


fe) 
reflections respectively. The presence of 7.15 A reflection 
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(001) and 3.58 A reflection (002) in oriented mounts, lack 
of appreciable difference on glycolation and collapse of 
the crys tallinelistructure to: a poorly crystalline phase 
(metakaolinite) upon heat-treatment at 550° C for two hours 
show the authigenic clay to be kaolinite (Molloy and Kerr, 
P6ls Srindtey, soos icharason, L9Gl. Grim, 1968: Carrol, 
1974). 

A weak and diffuse peak at 14.1 R which showed no 
Significant changes in its position and intensity on glyco- 
Jation, but a slight increase in intensity on heat-treat- 
ment, wes observed in the diffractogram of some of the 
oriented specimens (Figures 10 and 11) and interpreted as 
thee(001) seflection of chlorite (Brindley, 1961; Carroll, 
1974). The presence of authigenic chlorite growth habit 
(rosettes) under the SEM further corroborates the presence 
Of chlorite in? some-or the: studied samples:. (See later part 
Dercnie Chaptens} 

A small broad peak at 10.1 x was also observed in 
the diffractogram of some of the oriented specimens (Figure 
10A). It showed no appreciable changes in its position and 
intensity on glycolation and heat-treatment, and was inter- 
preted as the (001) reflection of a 1M mica, illite (Bradley 
and Grim, 1961; Carroll, 1974). Characteristic illite 
growth habit of irregular flakes with short lath-like pro- 
jections were also observed in the scanning electron micro- 
graphs. (See later part of this Chapter.) The examined 


specimens also contain some impurities (non-clay minerals) 
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which are indicated by small sharp peaks at 4.26, 3.34, 3.2 
and) 5.035 R (Mreures 105 Jt and Wo). The impurities in¢lude 


quartz, feldspar (orthoclase) and calcite. 


scanning Electron Microscopy. 

In an attempt to elucidate the detailed morphology 
and fabric of the authigenic clays in the studied samples, 
TeCcOuUrSeaWes Made co Scanning eleetron microscopy.’ scanning 
electron micrographs show that the authigenic clay cements 
are made up of well crystallized kaolinite (Plate 12A, B, Cc, 
Diee@y je rosette chiorite (Plate 13A, B) and irregular flakes 
of illite-montmorillonite(?) (Plate 13C, D, E, F). The well 
crystallized kaolinite occurs in the form of euhedral 
pseudohexagonal booklets (crystals) each of which is made up 
of a series of hexagonal plates. Individual plates range 
Cromeonco © Muerane ine Width. .6 to. 40 microns in leneth fand 
OFS co 1.0 micron thick, and are stacked face-to-face, while 
some booklets (crystals) are up to 22 microns in thickness 
(Paiace.Oh, Bye The booklets are randomly oriented with re- 
HeSCusLO,eCoCtn Over and GoOrthe detrital grains, buv. ine some 
eases the plates of booklets nearest a detrital grain appear 
to be preferentially arranged normal to the grain surface 
(Plate 12°C je" "Inimost cases, “the authizenic kaolinite plugs 
the whole pore and is characterized by intercrystalline sub- 
microscopic porosity with pore diameters of 5-10 microns 
fPigtes le 7.0) P| On the averace,. the pores’ account for 
about 50 percent by volume of the bulk authigenic kaolinite, 


and are located between the booklets (Plate 12A, C; Figure 
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PLATE 12. SCANNING ELECTRON MICROGRAPHS OF BASAL BELLY 
RIVER SANDSTONE 


A. Scanning electron micrograph of well crystallized authi- 
genic kaolinite booklets (b, c, and d) and associated 
Submicroscopic pores (a) located between the booklets. 
Note hexagonal-outline of kaolinite plates. (Well:  10- 
35-U7-4W5 2) Sample ino), 6.)  heOo) 


B. -Closeup ofA showing face-to-face stacked plates (a; b,; 
c,'ete:).of a kaolinite booklet. Note thefabsence ‘om 
space between the plates of the booklet... (Well: =10-25- 
47-4W5. Sample no. 6. X3000) 


Cy, Plates of a8 kaolinite Gooklet (4) nearest) come) decruta” 
quartz grain (b) arranged normal to the grain surface. 
Note submicroscopic pores, e.g., (c) between booklets. 
(Weil: “4-36-47-4W5:. Samplelnows23s; »xX600) 


D. Microscopic pore (a) largely plugged by authigenic 
kaolinite cement’ which exhibits submicroscopic porosity. 
(Well: 10-35-47-4W5. Sample no. 6. X60) 


E. Well crystallized kaolinite plate ‘2 Showing hexagonal 
outline, and submicroscopic pores (b), (c), (d) etc. 
(Well <:\° W=36=47-4Wwe.. Sample no. 919.) e500) 


FF. Chert overgrowth as an aggregate of small hexagonal 
quartz crystals, e.g., (a) on detrital chert grain and 
associated with authigenic chlorite (b). Submicro- 
scopic pores (c) and (d) are located between fan- 
shaped chlorite clusters and between hexagonal quartz 
crystals, respectively. (Well: 4-36-47-4W5. Sample 
iO MS Ge eee) 
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PLATE 13. SCANNING ELECTRON MICROGRAPHS OF BASAL BELLY 


A, 


a 


RIVER SANDSTONE 


Authigenic hexagonal quartz crystal aggregate (a) and 
rosettes, of chlorite, 6.¢)4}(>)eand sa), wath supmicro— 
scopic pores e.g., (¢) between chlorite rosettes. 
(Well: 10-35-47-4W5. Sample no. 6. X600) 


Closeup of A showing rosettes of chlorite (b) and (d) 
partly plugging pore between authigenic quartz crystals 
(a) and (c) Note lobate edges of chlorite plates and 
submicroscopic pores, e.g., (c) located between rosettes 
of chlorite’ as well as between the plates of rosettes. 
(Well: 10-35-47-4W5. Sample no. 6. X1500) 


Interstratified illite-montmorillonite (?) pore lining 
(a) in the form of irregular shaped thin plates and 
flakes with short lath-like projections. Note also 
authigenic quartz (b).and pore (c). (Well: 4-36-47- 
4W5 Samp Le iO: i ue emo 


Closeup .of C showing irregularly shaped thin plates of 
illite-montmorillonite (2) with short lath-like pro- 
jections e.2., (a), and submicroscopic pores ceo) 
and (c) located between the plates. . (Well: °‘4-36-47- 
HWS A (Sanp le mow Leg esO00) 


Authigenic illite-montmorillonite (?) (a) and associated 
submicroscopic porosity (b). Note the complex 
connections of the *thim pilates: and *tleakes anda cues. 
large surface area. (Well: 4-36-47-4W5. Sample no. 
LO) Ax SOO" 


Scaly; irregularly shaped illite-montmorillonite (?) 
plates (a) and associated submicroscopic porosity (b). 
(Well: - 4-36-47-4W5. Sample nos 19.) x12000) 
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1) . 

In addition to the authigenic kaolinite cement, 
some of the studied samples show the presence of chlorite in 
the form of rosettes and fan-shaped clusters (Plates 13A, B; 
14A, B). In all cases these rosettes and fans are 
VeoimmMevricaily insienificanteand rarely completely fill upva 
pore. They generally occur in spaces amongst authigenic 
Guertz crystals (Plate 14C,D). Individual rosettes or fans 
generally are 5 to 10 microns in diameter and are made up of 
‘randomly oriented, closely packed plates (crystals) that 
range from 2 to 10 microns across. The plates (crystals) 
have lobatve edges ssaucharacteristic which differentiates 
chlorite plates from superficially similar kaolinite plates 
(Witeaon and Bictiman.1o77). The chlorite rosettes are also 
characterized by S6upmicroscopic porosity with pores located 
between the rosettes as in the case of kaolinite booklets, 
and also betweemitne plates (Plates 138, B; 14A, D). 

\ethaedaands less icommon Wwariety of authigenic clay 
Gemens texulrally identified Jas interstratified iilite- 
montmorillonite was observed in a few of the samples. It 
occurs in the form of pore linings and fillings (Plates 13¢, 
Deen, Hole and pconsists of Irresular shaped thin plates and 
Piates Wiutbiesiort. Jeti like projections (Plate 13D); PF). The 
thin plates and flakes are bonded together in a complex 
manner that results in an open fabric producing submicro- 
scopic porosity iblate 13D, EH, F).. Similar morphology for 


Voorly eryacaliine itliive-rich interstratified i1lite- 
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kaolinite plate 
kaolinite booklet\crystal) 


submicroscopic pore 


“GURE 14.Diagramatic sketch of kaolinite booklets and plates 


Showing submicroscopic pores. 
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PLATE 14. SCANNING ELECTRON MICROGRAPHS OF BASAL BELLY 
RIVER SANDSTONE 


A. Rosettes and fan-shaped clusters of pore-filling i 
chlorite made up of closely packed lobate-edged plates, 
e.g., (a), submicroscopic pores, e.g., (b) between fan- 
shaped clusters, e.g., (c); and between plates. (Well: 
4-36-47-4W5. Sample no. 23. X4500) 


B, Closeup of A showine chlorite rosette (4) made up of 
randomly oriented, closely packed plates, and fan-shaped 
cluster of chlorite plates (b) plugging submicroscopic 
pore between authigenic quartz crystals (c) and (e). 
Note submicroscopic pores,.e.g., (d). (Well: 4-36-47- 
MW5.. Sample now 232° axa coo) 


C. Pore between authigenic quartz crystals (a) and (b) 
partially plugged by authigénic chlorite (c). (Well: 
4-36-47-4W5. Sample no. 19. X600) 


D, .«Closeup of ©. Authigente chiorite % plugging, pore 
between authigenic quartz crystals (a) and (b). Sub- 
microscopic pores, (6.2.5. (d)aremstill cresentn wa em 
4~36-47-4W5. Sample no. 19. X3500) 


E. Submicroscopic pore (c) enveloping a detrital quartz 
grain (d) in a seemingly tightly cemented specimen. Note 
that the very small individual plates and flakes of the 
authigenic) ciay (a) (LI te-montmnoritmicn yc). al 
have submicroscopic pores, e.g., (b) between them. 

Well: 4-36-47-4W5, Sample no. 23.) X9000) 


F, Quartz overgrowth (a) and authigenic clay cement (b) 
have reduced the size and blocked the throat (d) of a 
former large pore (c). (Well: 4-36-47-4W5. Sample no. 
12. TOON 
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montmorillonite has been documented by Wilson and Pittman 
(1977). 

The pseudohexagonal habit of well crystallized 
kaolinite has been recognized through both electron micro- 
scopy (Bates, 1955) and scanning electron microscopy (Borst 
and Keller, 1969; Wilson and Pittman, 1977). Chlorite has 
been reported as occurring in rosette form (Wilson and 
Pittman, 1977). The crystal morphology and fabric (booklets 
of face-to-face hexagonal plates) of kaolinite, rosette 
growth habit of chlorite, and thin plates and flakes with 
Sore avi wlike: projeevivons, characteristic of ililice- 
montmorillonite mixed-layer clay (Wilson and Pittman, 1977) 
revealed by the scanning electron microscope corroborate the 
petrographic and XRD evidence for the authigenic origin of 
kaolinite, chlorite and illite-montmorillonite cements in 
the studied samples of the basal Belly River sandstone. The 
delicacy and habit of the crystals preclude transport and 
attest to their insitu development in voids between detrital 


prains during diagenesis. 
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CHAPTER VII. 


A COMPARISON OF PETROGRAPHIC AND CORE ANALYSIS DATA 


Table 12 summarizes the observed thin section and 
core analysis porosity values for the samples of the basal 
Belly River sandstone studied. It reveals a significant 
difference in the porosity values determined by the two 
qitrerent methods. The observed thin section porosity 
Values, for this rock-unit rance*from-tess’ than’) percent to 
13.3 percent while the core analysis porosity values range 
from 4.8 to 23.3 percent. 

Table 13 shows the grain mean diameters, observed 
thin section porosity (microscopic, intergranular and intra- 
granular) values and the quantities of cements in the 
Studied samples. The grain mean diameters and the observed 
thin section porosity values were graphed as a scatter dia- 
gram (Figure 15) and a correlation coefficient, r, and 
linear regression equation were calculated for the two vari- 
ables. A regression line was fitted to the set of points 
(Figure 15). A fairly strong correlation exists between the 
two variables - thin section microporosity values and the 
grain mean diameters as shown by a correlation coefficient, 
r, of +0.52 and linear regression equation of 
y = 28.76X - 4.32. The coarser grained samples are also the 
more porous ones, though one has to realize that in some 
eases the initial porosity of the samples has been either 
greatly modified or eliminated by authigenic clay and cal- 


cite cementation. 
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FIGURE 15.Grain Mean Diameter vs.Observed T.S.Porosity Plot. 
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In addition to the intergranular and intragranular 
microporosity (Plates 8B; 11E, F; 14F) most of the samples 
show submicroscopic porosity (pore spaces too small to be 
recognized with a light microscope at the normal magnifi- 
Gautons Cr X5Y to xk15>0 at whieh counting of thin sections is 
generally performed) especially in the authigenic clay 
cement, as was documented in Chapter VI. 

The observed thin section porosity values and the 
core analysis porosity values were also plotted as a scatter 
diagram (Figure 16). It shows an approximate linear re- 
lationship between the two variables. The correlation 
coefficient r value of +0.64 indicates a strong linear re- 
lationship. A linear regression equation of 
y = 0.77X + 13.18 was also computed for the thin section and 
core analysis porosity data and was used to fit a regression 
iiaewto the seu of points (Fieure 16). 

The significant differences between the thin 
section porosity values and corresponding core analysis 
pores vy values are due mainly to datierences in the method 
of determination - thin section point counting versus 
summation of fiuids.. Thinysection point counting has some 
obvious shortcomings in that it normally undermeasures the 
total porosity (ratio of the volume of all the pores to the 
bulk volume of the sample, regardless of size or inter- 
connection of the pores ) and overmeasures the grain and 
cement volumes of samples. This results from the non- 


recognition of submicroscopic pore spaces within solid 
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volume, plus the "edge effect" caused by grain curvature 
within the thickness (30 microns) of the thin section. The 
edge error increases with decreasing grain size and sorting, 
and with increasing grain irregularity and tighter grain 
packing. In addition, the “edge effect" results in hiding 
pores which have maximum pore diameters less than the thick- 
ness of the thin section (Halley, 1978). In the present 
study, scanning electron micrographs revealed submicro- 
scopic pores between the cement crystals in the authigenic 
Slayvrcctionce(Pilatesaions Baaey DedigA, Dy w: 214A). “Subs 
microscopic pores are also present between the component 
nannograins in the mudrock fragments. The edge effect 
error, which is due to the appreciable thickness of the thin 
Ssecvrons tand 2s complicatedsby packing and sorting vari- 
ations .and increased grain irregularities, is also revealed 
by the scanning electron microscope. A scanning electron 
micrograph of an apparently closely packed or tightly 
cemented sample often shows the existence of some pore space 
enveloping the detrital grains (Plate 14E). From scanning 
electron microscopy inftormation,.it iis clear that submicro- 
scopic pores in the authigenic clay cement, mudrock frag- 
ments and matrix, plus edge effect errors, none of which are 
ebvious under the ordinary light microscope, are largely re- 
sponsible for the underestimation of total porosity by thin 
section point-counting. The core analysis summation of 
fluids and mercury injection methods, on the other hand, 


measure all forms of pores (microscopic and submicroscopic) 
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down to less than one micron and are truer measures of total 
porosity (although they too do not measure pores which are 
not interconnected, but this is rare in detrital rocks). 

In an attempt at evaluating the contribution of 
Lie SubmMicroscopiLey pores CoO the total porosity of the 
samples, a visual estimate of the submicroscopic pore volume 
was made by examining scanning electron micrographs. About 
fifty percent of the bulk volume authigenic clay cement was 
estimated to be submicroscopic porosity and was added to the 
observed thin section porosity values (Table 14). The ob- 
Servedscaing section porosity values plus 50 percent of 
authigenic clay cement were then plotted against core 
analysis porosity values (Figure 17). The general trend of 
the scatter can be approximated by a straight line. A 
Gorrpelation coefficient, ry) of +0571 was; calculated »for ithe 
set of points. A linear regression equation of 
Voe=ame 91x + 9550 was obtained, and based, en the above 
equarvon, a regression line was fitted to the points. The 
observed thin section porosity plus 50 percent of authi- 
genic clay cement versus core analysis porosity gives a 
stronger linear relationship than the observed thin section 
porosity versus core analysis porosity, and points to the 
fact that the submicroscopic porosity hidden between the 
cement crystals has contributed measurably to the core 
analysis porosity values. Unfortunately, the contribution 
of the "edge effect" to the total porosity value cannot be 


easily quantified by observation. Recourse was made to the 
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FIGURE 17.Core Analysis vs.Observed T.S.Porosity Plus 0.5 Kaolinite 
Cement Plot. 
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use of Halley's (1978) "edge error" curve (Figure 18) for 
the estimation of the contribution by "edge effect" to the 
total porosity. This curve is essentially an edge error 
versus grain diameter one. The "edge error" for the studied 
samples ranges from about 10.5 to 19 percent of the void 
Space between grains. It therefore accounts for less than 
1.5 percent of observed porosity (Table 14), indicating that 
edge error would not contribute greatly to the discrepancy 
between thin section and core analysis porosity values. 

The "edge effect" is not considered to be quantitatively 
Significant in whe present study, especially since all thin 
sections used in this study are impregnated with blue epoxy 
which helps to show up "edge covered" porosity. 

A correlation coefficient value of +.71 shows a 
strong linear relationship for the variables under investi- 
gation (core analysis porosity and thin section porosity 
plus submicroscopic porosity). A y-intercept of 9.51, 
though an improvement on the initial value of 13.18 for the 
observed thin section porosity versus core analysis porosity 
Dou, 123 .Std)5 co bemaccounmved=1oriand will be discussed in 


the next Chapter. 
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FIGURE 18.Edge error as percent of total obscured 
porosity plotted as a function of grain 
size for cubic-packed spheres.(From Halley, 


1978). 
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CHAPTER VIII. 


INTERRELATIONSHIPS OF AUTHIGENIC CLAY AND WATER 
SATURATION IN THE BASAL BELLY RIVER SANDSTONE 


A comparison of Core Laboratory and observed 
petrographic data on the basal Belly River sandstone re- 
vealed a consistent disagreement between them. In addition, 
Core Laboratory water saturation values appear to be 
questionably high when considered in the light of oil/water 
production figures (Table 1). In the absence of production 
figures, the impression one would get from core analysis 
data is that the basal Belly River sandstone reservoir is 
characterized by high porosity but also high water satu- 
ration, and therefore of limited economic value. However, 
from the petrographic study, it is clear that these apparent 
discrepancies are largely the result of two main factors, 
namely: 

lL. presence of authigenic clay, 

©. differences in the method of analysis (Core Laboratory 
versus thin section method). In the following pages an 
attempt will be made to explain these relatively high core 
analysis measurements in terms of the presence of authigenic 


clay and methods of core analysis. 


Relatively High Core Analysis Porosity 


The authigenic clay in the basal Belly River sand- 
stone is characterized by very small crystal size, large 


inner surface area and submicroscopic porosity. The large 
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surface area of the clay renders it capable of adsorbing a 
large quantity of connate water. Connate water is here de- 
fined as water adsorbed on mineral "grains" of a reservoir 
and not produced with oil or gas (Dictionary of Geology, 
pe. GO, LOT6)e Depending on the method of measurement of the 
porosity in the drilling core, the submicroscopic porosity 
and even the boundwater volume of the authigenic clay may be 
mmeahuidediein  Ghesporosity data’: 

A review of the Core Laboratory procedure for 
porosity determination shows that 
1. two of the three variables - bulk volume, pore volume, 


and grain volume must be measured to determine porosity 


since 
Bulk volume = Grain volume + Pore volume and 
* Pore volume . 
ROO Suet =e a ero 
y Bulk volume : 
2. 'fresh' or prepared samples (plugs, sidewall cores, 


whole diameter cores and cuttings) may be used for the de- 
termination; 

3. sample preparation involves thorough extraction of oil 
and brine by gas-driven solvent extractors, centrifugal ex- 
tractors, and Soxhlet and Dean-Stark refluxing solvent ex- 
tractors and vacuum retorts, followed by drying; 

4, the methods of measurement of the three variables (bulk 
volume, pore volume and grain volume) vary and include the 
summation of fluids porosity procedure, use of various poro- 
simeters to determine grain volume and pore volume: (gas 


transfer methods) and the resaturation porosity procedure; 
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5. bulk volume is determined by displacement of a liquid, 
or by calipering a shaped sample and computation by the 
appropriate geometric formula (Fundamentals of Core 
Analysis). 

The summation of fluids porosity procedure in- 
volves the independent determination of gas, oil and "pore 
water" volumes of a fresh core sample. The pore volume is 
determined by summing the three independent volumes. The 
gas transfer methods involve the compression of a gas into 
the pores or the expansion of gas from the pores of a pre- 
pared sample. The Boyle's Law method results in the deter- 
mination of either the pore volume or grain volume. The 
Washburn-Bunting method, which is the vacuum extraction and 
@olleesl onnomche: pas (usually air) contained in the pores 
of a prepared sample, results in the determination of pore 
volume only. The liquid resaturation method involves the 


filling of the pores of a prepared sample with,a liquid of 


known density and the division of the weight increase of the 


sample (weight of the saturating liquid) by the fluid den- 


sity to get the pore volume (Fundamentals of Core Analysis). 


With the above brief review of the Core Laboratory 


analysis procedures for porosity determination and the de- 
tailed petrography of the basal Belly River sandstone in 
mind, one finds some obvious limitations of these Core 
Laboratory methods and their possible effects on the re- 
ported Core Laboratory porosity data. In the case of the 


summation of fluids method, the "pore water" volume 
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determined in this way for the basal Belly River sandstone 
samples includes both the free pore water and boundwater 
(adsorbed water) of the clays because the operating tem- 
perature of 650° ¢C (1200° F) is capable of liberating both. 
Grim (1968) defines adsorbed water as water held by clay 
materials only at relatively low temperatures, driven off by 
Mea cine eC -avOuUt LOO tO 150° CG. “It is ‘regarded as nonliquid 
or nonordinary water in clay-water systems because it is in 
a priysical state different from that’ of "Liquid waters “In 
addition, at a temperature of 650° C (the Core Laboratory 
operating temperature) most of the clays lose their inter- 
layer and OH lattice water as well. Mixed layer illite- 
montmorillonite clay loses most of its interlayer water 
between 100 and 200° GC) sand “some "ol its SORMlattice water at 
350 to 650° C. Kaolinite dehydrates to metakaolin with loss 
of OH lattice water between about 400 and 525° Cc. 


Wy 400 - 650° C 
Kaolinite endothermic) 7 Metakaolin + H50 


Chlorites also lose a good deal of their hydroxyl water be- 


tween 500 and 550° C. But the detailed dehydration 
G@haracteristics of these clay minerals vary with particle 
size, crystallinity and composition (Grim, 1968). These 
processes (loss of adsorbed, interlayer and OH lattice 
water) therefore result in higher than normal 'pore water! 
volume and porosity determinations. Sah (1977) defines 
total porosity as producible porosity plus boundwater volume 
and therefore recognizes the possible contribution of bound- 


water to porosity values determined by the summation of 
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fluids method. Therefore, boundwater and, if possible, 
interlayer and OH lattice water volume corrections should be 
applied to all core analysis porosity values determined for 
the basal Belly River sandstone samples by the summation of 
fluids method. The drying of samples in the gas transfer 
methods may also result in the liberation of the boundwater 
if a clay-bearing sample is not dried by the special 
humidity-controlled oven method. This increase in pore 
volume will be reflected in the porosity data determined 
Subsequently by a‘gas transfer method. The resaturation 
method is greatly influenced by the drying of the sample, 
type of resaturating fluid, and the pressure applied in the 
resaturation process. Therefore it is possible’ to include 
the volume of the "ineffective" submicroscopic pores and the 
boundwater volume in the porosity values determined by this 
method. On the basis of the*foregoing considerations, it is 
likely that the Core Laboratory analysis porosity values for 
the basal Belly River sandstone samples are total porosity 
values rather than only the economically important larger 
ie iatin producible porosities measured in thin section. 
That is, the total porosity value determined by the Core 
bhaboratory.isvequal tosproduciblesporosity-plus)submicro- 
scopic porosity plus boundwater volume plus possibly inter- 
layer and OH lattice water volumes. The roughly 10 percent 
difference between the core analysis porosity and the ob- 
served thin section porosity (corrected for submicroscopic 


porosity) described in Chapter VII may be mainly due to 
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boundwater, interlayer water and hydroxyl lattice water 
volumes of the authigenic clay. Reference to published de- 
hydration data’ (Figurés 19,"20,° 21, "22° and 23) shows that 
appreciable quantities of water are lost by clays on heating 
to 650° C. Kaolinite loses about 13 percent by weight on 
heating to 650° C. Most montmorillonites lose approximately 
8 to 10 percent by weight on similar treatment. JIllites and 
chlorites also dehydrate with loss of about 6 and 9 percent 
by weight respectively on heat treatment to 6509 Cc. Al- 
though Halley (1978) in his study of estimation of pore and 
cement volumes in thin section of oolite from Joulters Cays 
thinks that as much as / percent porosity difference be- 
tween bulk density porosity and thin section point count 
value is due to packing and sorting variations and grain 
irregularities, it seems that this is not the case in the 
predent studyiand may account for only a ‘small fraction of 
the 10 percent since the samples are fine to medium grained, 
very well to well sorted and moderately packed. The in- 
ference that an appreciable amount of the core analysis 
porosity is "ineffective" is suggested by the very low 
permeability values for sandstone samples with core analysis 
porosity Values of less than 15. percent (Tabde 15). An 
examination of the Core Laboratory analysis data (Table 15) 
clearly shows that to have a permeability value greater than 
Imd, a core analysis porosity value of 14 percent is nece- 
ssary, while observed thin section porosity values are only 


2 to 4 percent for these types of samples. The Core 
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FIGURE 19.Idealized dehydration curve for kaolinite. 
(After Spiel et al.1945). 
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FIGURE 20.Dehydration curve for kaolinite,lone,California. 
(From Ross and Kerr,1931). 
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Loss of Weight in % 
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FIGURE 21.Dehydration curves,from Ross and Hendricks(1945). 
(A)Hectorite,Hector,California;(B)Montmorillonite, 
Tatatilla,Mexico;(C)Montmorillonite,Pontotoc,Mississippi. 
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Weicht Loss in Percent 


Temperature in “fe 
FIGURE 22.Dehydration curves,from Grim,Bray,and Bradley(1937). 


(A) Illite,Gilead,Calhoun County,Illinois; 
(B)I1lite,Fithian,Vermillion County,I1linois. 


Weight 
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Temperature in ge 
FIGURE 23.Dehydration curves,after Nutting(1943). The weight at 800 
°C is taken as the base weight in plotting the curves. 
(A)Penninite,Paradise Range,Nevada; 
(B)Chlorite, Danville, Virginia. 
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Laboratory analysis porosity values were plotted against 
permeability values (Figure 24), and both regression 
equation and correlation coefficient (r) were computed for 
the set of points. The computed regression equation of 

y= 0.013% 4 15.33 was used to fit a regression line to the 
points (Figure 24). The correlation coefficient r of +.56 
shows a fairly strong linear relationship between the two 
variables. However, a y-intercept of 15.3 shows the need 
horgan ilniitial core janalysis porosity tof abouGd5 .0 percent 


for any measurable’ permeability to be achieved. It is per- 


tanent to recall that a y-intercept of 13.1 was computed for 


the core analysis porosity versus observed porosity plot. 
tne wt acts =a t.: 
a) at zero observed porosity, the average core analysis 


WoOmos Ly rs) 13 OF perceneu and 


b) at 15.0 percent core analysis porosity, the permeability 


of the sample is zero, show that the core analysis porosity 
valves sinclude 1320 to i570 percent ol easentiauly in- 
effective porosity. A plot of observed porosity against 
permeability (Figure 25) shows a better linear relationship 
(r = +.67) for the two variables and a smaller y-intercept 
of 3.3. This indicates that 4 percent observed porosity is 


capable of generating some measurable permeability. 


Hieh Core Analysis Wager Saturation 


The saturation of a reservoir rock is equivalent 


to its-porecontent-and is-basically-made»up-of water 


saturation (Sw) and hydrocarbon saturation (Sh) (Gurr, 1976). 
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The hydrocarbon saturation is made up of two components, oil 
saturation (So) and gas saturation (Sg) (Schlumberger Log 
Interpretation, Vol. 1, 1972). The water saturation (Sw) is 
therefore the fraction of the pore volume occupied by for- 
mation water while hydrocarbon saturation (=1 - Sw) is the 
fraction of the pore volume occupied by hydrocarbon. The 
determination of these two saturations is the main aim of 
both core analysis and borehole geophysical log interpre- 
bennons, AnWecislons regarding the economic: production of 
hydrocarbons from a reservoir largely depend on the reser- 
“VOmmmrcocKkasacuratiton, .and: therehorewl teisrimportantprunat 
accurate measurements be made and properly interpreted. 

A survey of Core Laboratory procedures for water 
saturation determination shows that: 
Le rethe water’content of sidewall ‘and conventional ‘eore 
samples (cubes or cylinders) is determined concurrently with 
the oil content by atmospheric distillation of the sample in 
a retort at a temperature of about 1200° F (650° C); 
2a ethe water ‘distiited from %the sample is ‘collected in a 
calibrated receiving tube where its volume is measured; 
3. a distinction is made between pore water and water of 
byoralvoncortcrys tauerz abdon coy favoloG res theiwater re- 
covered versus the elapsed time of retorting. The first 
placveau coperhistplot imdacates: the removal voi the pore .or 
uncombined water; 
4, whole cores have their water content determined by 


vacuum distillation concurrent with the oil content deter- 
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mination at a maximum temperature of uso° F (2309 C); 
5. a distinction between pore water and water of hydration 
or crystallization is not required in whole core water con- 
tent determinations because the temperature is not high 
enough to free combined water; 
6. the water content volume (determined from sidewall core, 
core samples or whole core) divided by the pore volume gives 
the water saturation in percent of pore space for the 
sample; and 
7. there is no distinction between "free" and adsorbed 
(bound) water in the Core Laboratory report of analysis. 
Consideration of the above conditions and methods 
of water saturation determination in the Core Laboratory, 
and characteristics of the authigenic clay show that the 
Core Laboratory water saturation values probably include, 
besides free pore water, adsorbed (bound) water and possibly 
interlayer and hydroxyl-lattice water of the authigenic clay 
(fice) total.water).. Boundwater, interlayer and .OH lattice 
water should be regarded as part of the solid 'matrix'! 
volume of ‘the reservoir rockrundercsubsurface, conditions. 
The minute size of the authigenic clay crystals and the 
associated large inner surface area favor adsorption of a 
laree amount tof waters) thertanger the surface.area othe amore 
the adsorbed connate water content of a reservoir rock. 
Numerous attempts by various investigators to estimate the 
thickness of adsorbed water with definite nonliquid 


characteristics have yielded no good agreement. Thickness 
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Values of 7.5 R (three molecular water layers) to several 
hundred angstroms have been reported (Grim, 1968). The 
inner surface area of a reservoir rock is therefore an im- 
portant parameter when estimating its connate water content 
(Gurr, 1976). A plot of authigenic clay cement against 
core analysis water saturation (Figure 26) shows a linear 
trend. A computed regression equation of y = 0.13X + 0.05 
Wessused. GO fit a regression Line to, the points. The 
correlation coefficient of r = +0.49 shows a good linear 
relationship between the two variables. The permeability/ 
water saturation relationship (Figure 27) for the basal 
Belly River sandstone samples shows a negative correlation 
Wwichee correlation coefficient. (r) of -O;40, Gurr™(1976) 
made a similar observation and interpreted it teebe due urco 
eonnace water content of the’ reservoir. Hewstated prnat Che 
smaller the permeability of a rock, the greater its connate 
water content. Wright et al. (1955) also demonstrated that 
poorly permeable rock bodies have high water saturations. 

A plot of permeability values against the authigenic clay 
cement (Figure 28) also shows a negative correlation with an 
rer value of -0.55, indicating that the low permeability of 
the studied samples (which also corresponds to high connate 
water content) is also measurably due to authigenic clay. 
Wilson and Pittman GrSe7 7) stated that micropores occurring 
among clay particles arercapable, of holding irreducible 
water (water tightly held because of the physical attraction 


of the solid for the liquid), and that a reservoir con- 
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FIGURE 26.Kaolinite Cement vs. Core Analysis Water Saturation Plot. 
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FIGURE 27,Permeability vs.Water saturation plot. 
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FIGURE 28.Permeability vs.Kaolinite cement plot. 
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taining abundant authigenic clays with associated micropores 
would be expected to have a long transitional oil-water or 
gas-water contact because of the adsorbed water associated 
with high surface area. They also commented that data from 
Gaida et al. (1973) show that low permeability and high sur- 
face area are associated with illite having lath-like pro- 
1ectLons:. 

Salagel San) tueatseeveluation of parts of the shaly 
Colony Sand in Alberta observed that high boundwater 
saturation corresponds to poor permeability which is due to 
the presence of clay minerals. He recognizes two types of 
water - one of which is bonded to the shales and the other 
isin thetpores. Based on this concept of two waters, he 
derived amongst others the following equations: 


Pore water volume + Boundwater volume 


ON) hae Total Porosity 
ay = ore water volume 
Producible Porosity 
Total water volume - Boundwater volume 
a Producible Porosity 
apy = BQundwater volume 


PORALAP OROsr RY 

where SWT (Total water saturation) is the fraction of total 
porosity filled with water, SW (Pore water saturation) is 
the fraction of producible porosity filled with water and 
SBW (Boundwater saturation) is the fraction of total 
porosity filled with water bonded to the shale (Sah, 1977). 
Considering how water saturation is determined in Core 


Laboratories, it is obvious that both forms of Sah's water 
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and possibly the OH group water of the clays may be included 
in the core analysis water saturation values, with no 
corrections for boundwater and OH group water, especially 
when the presence of authigenic clay is not recognized. An 
examination of Core Laboratory data sheets (Table 15) also 
reveats that 

1. some of the porosity and water saturation values were 
determined from full diameter cores; 

2. most of the samples analyzed by Core Laboratories and 
examined in this present study were described as massive 
sand, which according to Core Laboratory terminology means 
no visible shale. The logical corollary to these two re- 
marks is that no corrections were made for the presence of 
authigenic clay in the porosity and water saturation deter- 
minations despite its obvious presence and effect. Since 
the boundwater, interlayer water and lattice OH group water 
of the clays are part of the solid "matrix" of the reser- 
wor rock under subsurtacerconditions, but aneluded in: the 
Core’ Laboratory water saturation values, they are, respon- 
sible for the high Core Laboratory water saturation values 
and the low water recovery during production from the basal 


Belly River sandstone. 
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CHAPTER IX. SUMMARY AND CONCLUSIONS 


A detailed petrographic study of samples of the 
basal Belly River sandstone in the Keystone area of the 
Pembina field shows that: 

1. This rock is a fine- to medium grained, very well to 
well sorted, mature lithic arenite. 

2. Diagenesis has taken place mainly by mechanical com- 
paction, carbonate, silica and authigenic clay cementation, 
and carbonate replacement. 

3. The authigenic clay suite consisting of kaolinite, 
mixed-layer montmorillonite/illite and chlorite is 
characterized by minute crystal size and submicroscopic 
porosity. 

4, The presence of significant quantities of authigenic 
clays results in large inner surface area and large’ quan- 
DEuLes Ol adsorbed waters invvuhe reservoir. 

5. The adsorbed (connate) water, interlayer water and 
poseibly OH lattice water vor thei clays are iiperated along 
with free pore water at Core Laboratory analysis 
temperatures. 

6. These liberated water volumes measurably affect both 
core analysis porosity values and water saturations, and are 
responsible for high core analysis porosity and water 
saturation values, but low production water. 

7. The Core Laboratory analysis porosity methods are better 
estimators of total porosity than is the thin section point- 
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"ineffective" or unusable porosity for an oil reservoir. 

8. Core Laboratory permeability values and observed thin 
section porosity values are more reliable indicators of 
"effective" or usable porosity. 

9. A core analysis porosity value of 13 to 15 percent or 
an observed thin section porosity value of 4 percent is 
necessary to generate any measurable permeability and permit 
Olin production. Prom this reservoirs Ibut Tote is) possible to 
have some commercial gas production at core analysis and 
observed thin section porosities of less than 13 and 4 per- 
cent respectively. 

LO. Bor Uninyseetions co) have maximum usefulness in the 
estimation of grain, cement and pore volumes of the basal 
Belly River sandstone they must be impregnated with a 
eolored, medium in order to maximize identification of 
microscopic pores and thereby minimize edge error effects. 
ll. Decisions on economic production of hydrocarbons from 
the basal Belly River sandstone should not be based solely 
on electrical log responses and Core Laboratory analysis, 
but should also consider evidence obtained from petrographic 
study. The same recommendation probably applies to all 
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